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ABSTRACT
Two-dimensional surface photometry has been performed on a magnitude-limited sample of 46 Ðeld
galaxies that are classiÐed as ellipticals based on two-dimensional Ðtting of their luminosity proÐles
using Hubble Space Telescope imaging. These galaxies are described well by a de Vaucouleurs R1@4
proÐle. The sample was selected from the combined Canada-France and LDSS redshift surveys and
spans the redshift range 0.20 \ z\ 1.00. This analysis reveals several clear evolutionary trends. First, the
relationship between galaxy half-light radius and luminosity evolves with redshift such that a galaxy of
a given size is more luminous by mag at z\ 0.92 relative to the local cluster*M
B
\ [0.97^ 0.14
elliptical relation. Second, the mean rest-frame color shifts blueward with redshift by
*(U[V )\ [0.68^ 0.11 at z\ 0.92 relative to the same relation in the Coma Cluster. These shifts in
color and luminosity of Ðeld elliptical galaxies are similar to those measured for cluster ellipticals.
Approximately one-third of these elliptical galaxies (independent of redshift) exhibit [O II] 3727 emission
lines with equivalent widths [15 indicating ongoing star formation. Therefore, Ðeld elliptical galaxiesA ,
are not composed entirely of very old stellar populations. Estimated star formation rates (SFR) together
with stellar population evolutionary models imply that ¹5% of the stellar mass in the elliptical galaxy
population has been formed since z\ 1. We Ðnd some evidence that the dispersion in color among Ðeld
ellipticals at zD 0.55 may be larger than that seen among samples of cluster ellipticals and S0 galaxies at
similar redshift. We see no evidence for a decline in the space density of early-type galaxies with look-
back time. Both the statistics and a comparison with local luminosity functions are consistentSV /VmaxTwith the view that the population of massive early-type galaxies was largely in place by zD 1. This
implies that merging is not required since that time to produce the present-day space density of elliptical
galaxies. However, the statistics are poor : a larger sample is required to produce a decisive result.
Subject headings : cosmology : observations È galaxies : elliptical and lenticular, cD È
galaxies : evolution È galaxies : fundamental parameters È galaxies : photometry È
surveys
1. INTRODUCTION
The simplest models of galaxy evolution have massive
elliptical galaxies forming at high redshift in a rapid col-
lapse and monolithic burst of star formation. Such sce-
narios have been described by Eggen, Lynden-Bell, &
Sandage (1962) and Larson (1975). Thereafter, elliptical
galaxy stellar populations age passively, with no further star
formation. Hierarchical clustering models (White & Rees
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1978 ; Kau†man, White, & Guiderdoni 1993) require that
the most massive objects form at late times via the merging
of smaller subunits. In this scenario, massive ellipticals
would be assembled recently and would be absent from
high-redshift galaxy surveys. At redshift z\ 1, the space
density would be lower by a factor of 2È3 (Kau†mann 1996 ;
Baugh, Cole, & Frenk 1996) compared with z\ 0 for )0\1 (with a less dramatic decrease expected for smaller )0).These two views of the assembly of massive ellipticals (early
monolithic formation and recent merging) are diametrically
opposed to one another.
The monolithic collapse/passive evolution scenario will
be referred to as the ““ orthodox ÏÏ model because of the rigid-
ity of its prohibition of any further star formation following
the initial burst at formation. This prohibition renders the
color and luminosity evolution that accompany the aging of
the galaxy more easily predictable by theoretical means.
The late-epoch merging or hierarchical clustering model
will be referred to as the ““ secular ÏÏ model. It is also useful to
deÐne an intermediate or ““ reform ÏÏ model, which has
massive ellipticals assembling most of their stellar mass
early (e.g., z[ 3) but where some fraction of the stars form
later (z\ 2). The reform model is useful both because it
represents a plausible physical scenario and because it helps
to characterize the sensitivity of di†erent types of obser-
vational tests of elliptical galaxy formation and evolution.
In summary, the orthodox and reform models both
require the assembly of the majority of the stellar mass of
elliptical galaxies at high redshift whereas recent merging
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plays a central role in elliptical galaxy formation in the
secular model.
A large fraction of the work on elliptical galaxies has been
concentrated on the cluster environment where early-type
galaxies are the dominant population. That work may
provide useful insights into the origin and evolution of the
Ðeld population, but those studies might also be misleading
if environment plays a major role in galaxy formation and
evolution.
1.1. Evidence in Favor of the Orthodox V iew
In many respects, cluster ellipticals appear to form a
remarkably homogeneous population. The existence of a
well-deÐned color-luminosity relation for early-type gal-
axies suggests a degree of homogeneity in that population
since color depends on age and metallicity. Bower, Lucey, &
Ellis (1992) show that the dispersion in the color-luminosity
relation in Coma is small enough to require either a high
formation redshift (zº 3) or a high degree of synchronicity
in galaxy formation times.
The existence of a low-scatter fundamental plane for
early-type galaxies in clusters (Djorgovski & Davis 1987 ;
Dressler et al. 1987) based on size, surface brightness, and
velocity dispersion further implies a degree of regularity in
the mass-to-light ratios (M/L ), and therefore the stellar
populations, among the early-type population. Jorgensen,
Franx, & Kjaergaard (1996) Ðnd no dependence of the fun-
damental plane coefficients or scatter on environment (e.g.,
cluster richness or velocity dispersion)Èa conclusion sup-
ported by Pahre, Djorgovski, & de Carvalho (1998).
Guzman & Lucey (1993) disagree, suggesting that ellipticals
in lower density environments may have slightly younger
stellar populations than those residing in regions of higher
density. Forbes, Ponman, & Brown (1998) analyze a sample
of (mostly Ðeld) ellipticals and Ðnd a correlation between
the time since the last major episode of star formation and
fundamental plane residuals. This argues that Ðeld ellip-
ticals span a wide range in age.
More recently, measurements of the early-type galaxy
population have been pushed out to higher redshift. The
well-deÐned color-luminosity relation in clusters at z\ 0.55
(Ellis et al. 1997) shows that the dispersion among early-
type galaxies is small even at that epoch. However, the
debate is still active regarding exactly how strong a con-
straint on elliptical galaxy formation is presented by the
color-magnitude relation (Kau†man & Charlot 1998 ;
Bower, Kodama, & Terlevich 1998).
Studies of the cluster elliptical fundamental plane (van
Dokkum & Franx 1996 ; Kelson et al. 1997 ; van Dokkum et
al. 1998) and the weakening of the Mg b absorption as a
function of redshift (Bender, Ziegler, & Bruzual 1996)
support simple passively evolving (orthodox) models.
Purely photometric techniques (Pahre, Djorgovski, & de
Carvalho 1996 ; Barrientos, Schade, & 1996 ;Lo pez-Cruz
Schade et al. 1996) have been used to compile larger
samples of ellipticals covering a wide range in redshift.
Schade, Barrientos, & (1997) show that theLo pez-Cruz
surface brightness of cluster elliptical galaxies to zD 1
evolves substantially (*k(B)D [1 mag) in a manner
broadly consistent with early forming and passively evolv-
ing models (e.g., Bruzual & Charlot 1993).
Color evolution of cluster ellipticals (Dressler & Gunn
1990 ; Aragon-Salamanca et al. 1993 ; Rakos & Schombert
1995 ; Oke, Gunn, & Hoessel 1996 ; Stanford, Eisenhardt, &
Dickinson 1998) is found to be broadly consistent with
passive evolution of an old stellar population with little
recent star formation.
Lilly et al. (1995b) examined the distributions of SV /VmaxTfor a photometrically deÐned sample of early-type galaxies
(i.e., the subset of red galaxies) in the Canada-France Red-
shift Survey (CFRS) and found that this population is dis-
tributed in space in a manner consistent with a constant
space density to zD 1.
The evidence cited above suggests that ““ orthodox ÏÏ
models of elliptical galaxy formation provide at least broad
agreement with the observed properties of the cluster ellip-
tical population over a range (z\ 0 to zD 1) in redshift. In
the Ðeld, the situation is less well deÐned. Sandage & Visva-
nathan (1978) show that the z\ 0 Ðeld and cluster color-
luminosity relations are very similar and have comparably
small scatter (p ^ 0.10 mag) implying an evolutionary
history that does not depend strongly on environment.
Schade et al. (1996) use ground-based imaging to compare
cluster and Ðeld ellipticals to z\ 0.55 and Ðnd roughly
similar amounts of luminosity evolution in the two environ-
ments. On the other hand, the work by Forbes et al. (1998)
and Guzman & Lucey (1993) suggests evolutionary his-
tories that depend on environment, a result supported by
Mobasher & James (1996).
1.2. Evidence against the Orthodox V iew
Observational tests of purely passive evolution come in
two Ñavors. In the Ðrst, it is only the orthodox view that can
be rejected. That is, the result cannot be used to discrimi-
nate between the reform or secular (merging) model. The
second Ñavor constitutes a direct test of the merging model
and can provide a rejection of both the orthodox and
reform points of view.
Examples of the Ðrst Ñavor of test are studies that search
for high-redshift galaxies that have the colors predicted by
population synthesis models for passively evolving stellar
systems. Kau†man, Charlot, & White (1996, hereafter
KCW) claim evidence for strong evolution of the E/S0
population over 0.2 \ z\ 1.0 from a analysis of theV /VmaxCanada-France Redshift Survey (CFRS; Lilly et al. 1995b).
Selection of a sample of early-type (i.e., E or S0) galaxies was
attempted on the basis of optical colors predicted by evolv-
ing population synthesis models. Note that KCW compare
the sample selected in this way to the predictions of semi-
analytic galaxy formation models for the number density of
objects with the morphological properties of ellipticals.
Their claim of strong evolution requires either that early-
type galaxies are absent at high redshift (which would
support the secular model) or that they are present but have
colors that are blue enough to avoid detection by the partic-
ular color selection that was applied to compile the sample.
The latter case would support the reform model since the
blue color is presumably produced by ongoing star forma-
tion.
Totani & Yoshii (1998) have repeated an analysis of the
CFRS sample similar to the analysis by KCW but do not
support the conclusions of the earlier work. In particular,
Totani & Yoshii use di†erent evolutionary models to select
early-type galaxies and they restrict the sample redshift
range to 0.2 \ z\ 0.8. The analysis yields results consistent
with passive evolution models without merging.
There are other studies searching for high-redshift gal-
axies with passively evolving colors. Zepf (1997) concludes
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from a deep search for objects with very red optical-infrared
colors that typical ellipticals must have had signiÐcant star
formation more recently than z\ 5. Barger et al. (1999) use
infrared observations to estimate that roughly 50% of the
local space density of elliptical galaxies was in place with
passively evolving colors at 1.3\ z\ 2.2. Menanteau et al.
(1998) conclude that there is a deÐcit of a factor of 3 or more
in the observed number of red ellipticals compared with
that observed in monolithic collapse models. Abraham et al.
(1999) Ðnd limited evidence for a diversity of star formation
histories among a sample of 12 bright, morphologically
selected spheroids in the Hubble Deep Field (HDF) but do
not attempt to determine space density variations with red-
shift.
As has been noted, the observational tests described in
the preceding several paragraphs are, in principle, capable
of rejecting only the orthodox model even if the experiments
are perfectly executed. In other words, they may fail to
detect the expected number of galaxies at high redshift
because either (1) the galaxies are absent (because they form
via merging at an epoch later than the epoch of
observation) or (2) the galaxies are present but bluer than
the threshold color. These experiments rely on theoretical
models to predict the expected colors. Therefore, actual gal-
axies may be bluer than the theoretical threshold because
they have undergone recent star formation (and thus violate
the tenets of the orthodox model) or because the theoretical
colors for passively evolving populations are in error. For
example, Jimenez et al. (1999) present an alternative model
for the evolution of a stellar population where more than
90% of the stellar mass of ellipticals is formed in the Ðrst
gigayear of their existence, yet these galaxies are substan-
tially bluer than standard population synthesis models at
intermediate redshifts. This study illustrates that uncer-
tainties in modeling old stellar populations may be a signiÐ-
cant contributor to uncertainties in the conclusions drawn
from searches for very red galaxies at intermediate redshifts.
1.3. Evidence in Favor of the Merging Scenario
Theories based on hierarchical cluster models of struc-
ture formation (e.g., White & Rees 1978) naturally predict
that massive galaxies will be the last galaxies to form by
merging. Numerical simulations of disk-disk mergers
(Negroponte & White 1983 ; Barnes & Hernquist 1996)
showing that the remnants have a number of properties
similar to elliptical galaxies give this scenario further plausi-
bility. On the observational side, studies of close pairs of
galaxies (Zepf & Koo 1989 ; Carlberg, Pritchet, & Infante
1994 ; Patton et al. 1997) indicate that the galaxy interaction
or merging rate rises steeply with redshift [D(1] z)3]. This
result is supported by a study of the pair fractions and
merging rate in the CFRS sample (Le et al. 1999).Fe`vre
Schweizer & Seitzer (1992) studied the relation between
morphological features and colors among local early-type
galaxies. They Ðnd evidence that the colors of Ðeld and
group E and S0 galaxies are correlated with the presence of
Ðne morphological structure believed to be produced by
merging events. They argue that the systematic shift toward
bluer colors with increased structure is likely produced by
systematic variations in the mean age of the stellar popu-
lation. The elapsed times since the last merger events are
estimated to be in the 3È10 Gyr range.
The elliptical galaxy population contains many examples
of galaxy cores that are kinematically decoupled from the
main body of the galaxy (Bender & Surma 1992 and refer-
ences therein). Although this is clearly evidence against
monolithic formation of the entire stellar population in
ellipticals, it is not clear whether it requires major mergers
or whether more minor interactions might be responsible
(see, e.g., Hau & Thompson 1994).
At high redshift, there are tests that bypass color informa-
tion (and thus bypass the uncertainties in the population
synthesis models) by selecting early-type galaxies directly
on the basis of morphology.
Counts of galaxies as a function of morphological type
(Driver et al. 1998) in the HDF provide an indication at
roughly the 2 p level of a deÐcit of elliptical galaxies at z[ 1
relative to purely passively evolving models. Franceschini et
al. (1998) use a K-band selected sample together with mor-
phological information to deÐne a sample of 35 elliptical
and S0 galaxies in the HDF with spectroscopic or photo-
metric redshifts. These authors suggest that the episodes of
star formation that produce Ðeld ellipticals are spread over
a wide range in redshift (1\ z\ 4) rather than concen-
trated in a single burst at any epoch (a similar result is
found by Kodama, Bower, & Bell 1999). They also note a
deÐcit of early-type galaxies at z[ 1.3.
The HDF samples are small and originate in a single
small Ðeld and so are susceptible to the e†ects of clustering
along the line of sight.11 Clearly multiple lines of sight o†er
distinct advantages.
1.4. Evidence against the Merging Scenario
In an attempt to conÐrm the results of Schweizer &
Seitzer (1992), Silva & Bothun (1998a) used near-infrared
imaging to search for an intermediate-age (1È3 Gyr) stellar
population among a sample of ellipticals with morphologi-
cal signatures of mergers (largely overlapping the Schweizer
& Seitzer sample). They Ðnd that these galaxies cannot be
distinguished from those ellipticals without signs of inter-
action and that a small fraction (\15% at most) of the
stellar mass can be attributed to an intermediate-age popu-
lation. The test is based on the search for an intermediate-
age asymptotic giant-branch population. The search for
evidence of mergers is extended (Silva & Bothun 1998b) into
the central regions of the galaxies where gas-rich disk-disk
mergers would be expected to produce a concentration of
younger stars, but no compelling evidence for such a popu-
lation is found. These authors argue that any merging that
has occurred has not been accompanied by a strong burst of
star formation, either distributed globally or concentrated
in the central regions of the galaxies.
A measurement of the space density of large ellipticals as
a function of look-back time could produce a direct
resolution to the issue of merging as an important process
in forming elliptical galaxies. Density evolution can be
detected using either the statistic (which tests theV /Vmaxhypothesis that a population is distributed uniformly in
distance) or by direct comparison of estimated space den-
sities of large ellipticals at high and low redshift. If merging
11 As a check on this problem, a subsample matching the selection
criteria of the CFRS sample can be extracted from the Fran-(IAB¹ 22.5)ceschini et al. sample. Depending on the morphology classiÐcation chosen
(including or excluding S0s) and the assumed redshift of completeness for
the CFRS (z\ 0.8 or z\ 1.0), the ratio of Franceschini to CFRS early-
type galaxies per unit area is in the range 2.2È2.9, thus indicating a signiÐ-
cant surplus of early-type galaxies with in the HDF (relative toIAB¹ 22.5the CFRS, which is averaged over many lines of sight) up to z\ 1.
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is important for producing early-type galaxies, then there
must be fewer large elliptical galaxies at high redshift and a
correspondingly low value of the statistic.SV /VmaxTIn a key piece of work, Im et al. (1996) construct the
luminosity function (LF) for a sample of 376 E/S0 galaxies
selected by morphology and luminosity-proÐle analysis but
independent of color. They use HST imaging and photo-
metric redshifts based on a training set of their own and
CFRS redshifts and detect evolution in the characteristic
luminosity of the early-type LF. They Ðnd a value of
for their entire sample. Note thatSV /VmaxT \ 0.58^ 0.01the high value of implies an excess probability ofSV /VmaxTÐnding ellipticals at high redshift. Presumably this excess is
produced by the positive luminosity evolution rather than
by an increase in space density. A correction for that evolu-
tion would reduce The value of and theSV /VmaxT. SV /VmaxTform of the luminosity function are both consistent with a
constant space density of elliptical galaxies to zD 1. The
great strength of this study lies in the large number of gal-
axies used, which provides a Ðrm statistical footing, but the
weakness lies in the small number of spectroscopic redshifts
used as a training set for the redshifts based on V [I color,
apparent magnitude, and half-light radius.
In summary, there are strong theoretical reasons to
believe that recent merging may be an important process
governing the assembly of massive galaxies. Much of the
evidence that very red (i.e., old and passively evolving) gal-
axies are deÐcient in space density at high redshift are based
on small samples so that the statistical uncertainty is large.
In addition, there is uncertainty in the theoretical models
used to deÐne the color threshold for the sample selection.
In any case, studies based on color selection cannot dis-
criminate between the secular (merging) and reform models,
so they do not provide direct support for the merging sce-
nario. Comparisons of morphologically selected samples
(number counts or luminosity functions) disagree with one
another. However, the Im et al. (1996) study is a strong
piece of evidence that the space density of large ellipticals
has changed little since z\ 1.
1.5. T he Present Study
The deÐnition of an elliptical galaxy used throughout this
paper is based on two-dimensional Ðtting procedures and is
independent of color. Only those galaxies that are well Ðtted
by an R1@4 proÐle (de Vaucouleurs 1948) with no signiÐcant
evidence of an additional disk component are used. Those
with an asymmetry index greater than 0.10 (Schade et al.
1995 ; roughly the fraction of the total Ñux contained in the
asymmetric component of the galaxy within 5 kpc of the
galaxy center) have been excluded.
This is the third of a series of four papers based on an
amalgamation of redshifts and HST imaging for galaxies in
the CFRS (Lilly et al. 1995a and references therein) and
LDSS Redshift Survey (Ellis et al. 1996). The series forms a
comprehensive study of the evolution of galaxy populations
to z\ 1 using a complete sample of 341 galaxies with HST
imaging. Brinchmann et al. (1998, hereafter referred to as
Paper I) discuss the morphological properties of the sample
as a whole and Lilly et al. (1998, hereafter referred to as
Paper II) discuss the quantitative morphologies of the late-
type population. Le et al. (1999) (Paper IV) deals withFe`vre
the merging history of luminous galaxies.
The present paper discusses the galaxy sample and the
image processing procedures (° 2). Results for elliptical gal-
axies are presented in ° 3 and are discussed in ° 4. Through-
out this paper (unless otherwise noted), we have adopted
km s~1 Mpc~1 andH0\ 50 h50 q0\ 0.5.
2. DATA AND PROCEDURE
2.1. CFRS/L DSS Imaging
Details of the sample selection and imaging data are
given in Paper I and are summarized here. HST imaging
was obtained for a sample of 341 galaxies from the com-
bined CFRS with a limiting magnitude of andIAB\ 22.5the LDSS Redshift Survey (limit Ellis et al. 1996)b
j
\ 24,
data sets. Typical exposures were 6300 s in the F814W Ðlter.
A subset of the Ðelds also had F450W images of 6300 s
duration. Archival images in F814W and F606W (typically
4500 s) from the region where the CFRS overlaps the
““ Groth strip ÏÏ were also used. These overlaps provided
multiple images for 38 galaxies. The typical signal-to-noise
ratio (S/N; deÐned using the total Ñux within a 3 arcsecond
diameter aperture) of the HST imaging is 100 at IAB\ 22,and this is sufficient to allow visual classiÐcation or calcu-
lation of concentration index (Paper I) or to allow two-
dimensional surface photometry.
2.2. Two-Dimensional Surface Photometry
Given the modest S/N of the high-redshift galaxy obser-
vations, it is appropriate to adopt simple models to charac-
terize the luminosity proÐle of these galaxies. We adopt
models that have been shown to adequately represent the
luminosity proÐles of most galaxies in the nearby universe
(e.g., de Vaucouleurs 1948 ; Freeman 1970 ; Kormendy 1977 ;
Kent 1985 ; Kodaira, Watanabe, & Okamura 1986 ; van der
Kruit 1987 ; de Jong 1996 ; Courteau, de Jong, & Broeils
1996). Two-dimensional surface photometry was performed
on the HST images via the Ðtting of two-component para-
metric models : an exponential disk (Freeman 1970) and
R1@4 bulge (de Vaucouleurs 1948 ; see also de Jong 1996).
These models were convolved with an empirically deÐned
point-spread function (PSF) and integrated over each pixel
of the HST image. Free parameters were size (scale length
or half-light radius), axial ratio, and position angle for each
component, and fractional bulge luminosity B/T . Together
with the galaxy center (assumed to be coincident for the two
components), the Ðts thus require 9 parameters. Fitting was
done using a modiÐed Levenberg-Marquardt algorithm
(Press et al. 1992). The technique is simple and robust and
provides structural and surface brightness information in
addition to a morphological classiÐcation. The problems of
Ðtting two-component luminosity proÐles have been
addressed by Simien & de Vaucouleurs (1986) and Schom-
bert & Bothun (1987).
Real galaxies show a large variety of morphological fea-
tures (bars, dust lanes, spiral structure, companions) and are
often asymmetric, whereas the models adopted here are
idealized and symmetric. In order to deal with these features
and also to allow the computation of an asymmetry index,
each galaxy was ““ symmetrized ÏÏ by the following procedure
(see also Elmegreen, Elmegreen, & Montenegro 1992 and
Schade et al. 1995). First, the image of the galaxy was
rotated by 180¡ and subtracted from itself. The resulting
““ asymmetric ÏÏ image (with both positive and negative
asymmetric pixel values) was clipped so that only positive
asymmetries more signiÐcant than 2 p remained. This pro-
vides an estimate of the asymmetric component of the
galaxy image, and the di†erence formed by subtracting this
No. 1, 1999 CFRS AND LDSS REDSHIFT SURVEYS. III 35
from the original image yields the ““ symmetric ÏÏ image. This
symmetric image was subjected to the Ðtting procedure, and
the ratio of the asymmetric to symmetric Ñux is taken as an
index of the relative importance of the asymmetric com-
ponent of the galaxy. From a practical standpoint, the sym-
metric image is free of companions and other problems and
results in a much cleaner and reliable Ðtting process.
Sky background was measured from large areas of the
chips and was not a parameter of the Ðt. Simulations
showed that Ðtting the sky as a free parameter resulted in an
increased scatter in the Ðtted galaxy parameters but did not
otherwise e†ect the results. With the sky held Ðxed, the
models were normalized at each iteration to yield a
minimum s2 given the current structural parameters.
The Ðtting process results in measurements for each of
the bulge and disk components individually. This allows
independent analyses of the evolution of the disk com-
ponents separately from the galaxy as a whole or the bulge
components in isolation. Perhaps most important, the clas-
siÐcations (based solely on fractional bulge luminosity B/T )
are independent of color and spectroscopic properties so
that no implicit assumptions are made about the stellar
populations in individual galaxies. This approach allows a
check of whether spectral energy distribution and morphol-
ogy are correlated at high redshift and whether that corre-
lation evolves.
A crucial feature of the two-dimensional modeling as a
means to measure structural parameters and surface bright-
nesses is that we have applied these same techniques
(Schade et al. 1997) to nearby elliptical galaxies (albeit in
clusters rather than the Ðeld) that were observed with
similar physical resolution and at similar S/N ratios. This
greatly reduces concerns that some of our trends are due to
systematic di†erences between the analyses of low and high
redshift samples.
2.3. V isual Examination of the Fits
The evaluation of the success of the Ðtting process and
the validity of the model Ðts was done by a combination of
statistics and visual examination of the galaxy, the models,
and, most important, the residuals. This procedure has sub-
jective elements and needs a clear explanation so that the
issue of possible bias can be addressed.
The main function of the visual inspection is to decide
whether a single-component or two-component (bulge-
plus-disk) model is the best representation of the galaxy
under consideration. The smallest reduced s2 is not always
accepted as the best Ðt. Two-component models were reject-
ed in favor of single-component models if (1) the Ðtted bulge
component was larger and of lower surface brightness than
the disk component (this is an explicit bias that we have
imposed on the procedure and was the most common type
of failure of the Ðtting process : it occurred in 3% of the
galaxies), or (2) the second component was e†ectively being
Ðtted to low-level residual asymmetries (that escaped the
symmetrizing process) in the galaxy rather than a legitimate
bulge or disk component (this overlaps with reason 1).
The visual examination relies mainly on the residuals. If
an examination of the residuals after the bulge Ðt has been
subtracted shows no evidence for a disk component, then
the pure bulge Ðt will be accepted. This is true even if, as
happens in some cases, the bulge-plus-disk model Ðt has a
slightly smaller value of s2. This subjective element of the
procedure was evaluated by multiple examinations by one
of us (D. J. S.) of the Ðts separated by substantial periods of
time. These repeated judgments showed that about 10% of
early-type galaxies drifted from E to S0 or vice versa
depending on whether a disk component was considered to
be plausible. There are 65 early-type (E or S0) galaxies so
that the elliptical sample of 46 galaxies may have contami-
nation of about 15%. We adopt this as an estimate of the
reliability of our early-type classiÐcations although we will
later examine the e†ect of 25% contamination of the E
sample, which we consider a limiting case.
2.4. Internal Errors from Duplicate Observations
There exist 38 duplicate galaxy observations. These are
independent observations (most being widely separated in
time) that were reduced and analyzed independently so that
they give good estimates of the internal errors of our Ðtting
procedure, including potential sources of error such as cen-
troiding, PSF variations, sky subtraction, and the e†ect of
the subjective visual examination procedure.
The results of duplicate Ðts are shown in Figures 1 and 2.
Figure 1 shows B/T , total I magnitude, and the index of
asymmetry. Filled symbols represent galaxies with good
residuals (symmetric or ““ normal galaxies ÏÏ) and open
symbols indicate asymmetric galaxies (those with asym-
metry index as deÐned in Schade et al. 1995 of R[ 0.10). It
is important to note that classiÐcations are considered valid
only for symmetric galaxies and that discussions of evolu-
tion of ““ normal ÏÏ galaxies in this paper pertain only to
those galaxies ; asymmetric objects are excluded. The dis-
persions are indicated on the Ðgures for the symmetric gal-
axies only. The dispersions for the symmetric (and all)
galaxies are 0.04 (0.14) for B/T with 70% of the objects
having duplicate observations within ^0.10. In total mag-
nitude, the dispersion is 0.05 (0.11) mag. The dispersion in
the asymmetry index is 0.06. Since the index results in a
binary decision (symmetric or asymmetric), it is appropriate
to look at the errors in classiÐcation. A cuto† in asymmetry
index of 0.10 is adopted here and this results in 5/38 (13%)
disagreement between the two classiÐcations, whereas
adopting a cuto† of 0.14 in asymmetry index (as adopted by
Schade et al. 1995) results in 1/38 (3%) di†erences in classi-
Ðcation. In summary, the repeat observations show that the
Ðtting procedure produces consistent measures of B/T , total
magnitude, and asymmetry index, with errors in the range
5%È15%.
Figure 2 shows the multiple-Ðt results for structural
parameters. The dispersions for the symmetric (and
asymmetric) disk scale length measurements are 0A.04 (0A.05),
or about 10% for a typical disk ; the surface brightness
errors are 0.20 (0.46) mag for disks ; and the total disk mag-
nitude errors are 0.10 (0.14) mag. The corresponding Ðgures
for the bulge (elliptical) measurements are in0A.04 (0A.04)
size, 0.10 (0.14) mag in surface brightness, and 0.04 (0.04)
mag in total magnitude.
The duplicate observations are a robust test of the entire
analysis process and include all sources of random errors.
The size (scale length or half-light radius) and magnitude
errors are D10% as inferred from these comparisons. The
surface brightness measurement errors are D10%È20%.
2.5. Magnitudes and K-corrections
The HST magnitudes from the surface photometryI814were compared to the ground-based CFRS I-band iso-
photal imaging and the mean di†erence was [0.006 with a
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FIG. 1.ÈDi†erences in best-Ðt parameters from multiple observations
of galaxies. Bottom panel shows the fractional bulge luminosity, B/T ;
center panel shows the total magnitude ; and the top panel shown the index
of asymmetry. In the bottom and center panels, Ðlled circles represent
symmetric, or morphologically normal, galaxies whereas open circles show
asymmetric galaxies. The B/T value is not considered a valid classiÐcation
index for asymmetric galaxies. Errors in a single measurement (for sym-
metric galaxies), as inferred from these duplicate measurements, are shown
on each panel. The right-hand panel indicates the cut-o† in asymmetry
index adopted here (solid line) and in Schade et al. (1995).
TABLE 1
ELLIPTICAL GALAXIES IN THE CFRS/LDSS SURVEY
ID Number z MAB(B) log Re (U[V )0,AB W (O II)
13.11924 . . . . . . 0.281 [21.17 0.629 . . . 0
22.0758 . . . . . . . 0.294 [20.92 0.821 2.25 0 ^ 6
03.0337 . . . . . . . 0.361 [18.99 0.505 1.80 22 ^ 10
03.1031 . . . . . . . 0.422 [20.26 0.328 2.14 0 ^ 17
13.12112 . . . . . . 0.424 [19.86 0.557 . . . 12
22.0501 . . . . . . . 0.424 [20.90 0.539 2.14 0 ^ 13
10.12525 . . . . . . 0.435 [21.60 0.685 . . . 3
13.12538 . . . . . . 0.458 [19.57 0.169 . . . 21
10.1255 . . . . . . . 0.467 [22.02 0.798 2.28 9 ^ 9
10.1231 . . . . . . . 0.473 [20.18 0.405 2.21 46 ^ 19
03.1413 . . . . . . . 0.487 [20.52 0.803 1.62 0 ^ 20
14.0207 . . . . . . . 0.546 [22.32 0.588 1.93 0 ^ 23
22.1037 . . . . . . . 0.550 [20.02 0.306 1.78 62 ^ 40
10.1262 . . . . . . . 0.577 [20.29 0.144 2.15 0 ^ 8
10.0794 . . . . . . . 0.580 [20.54 [0.096 1.36 8 ^ 10
22.1279 . . . . . . . 0.594 [20.80 0.708 2.02 0 ^ 32
03.1032 . . . . . . . 0.618 [21.63 0.202 1.83 15 ^ 2
03.1381 . . . . . . . 0.636 [22.08 0.540 1.49 14 ^ 20
14.0746 . . . . . . . 0.675 [20.75 0.535 1.79 0 ^ 9
03.0560 . . . . . . . 0.697 [21.09 0.555 2.31 19 ^ 10
10.1207 . . . . . . . 0.706 [20.69 0.441 2.24 48 ^ 28
10.1423 . . . . . . . 0.724 [20.19 0.859 1.24 9 ^ 5
14.1415 . . . . . . . 0.745 [21.69 0.657 1.78 0 ^ 10
03.1384 . . . . . . . 0.785 [21.26 0.685 2.06 54 ^ 11
14.1311 . . . . . . . 0.807 [22.92 0.965 1.83 0 ^ 2
22.1507 . . . . . . . 0.820 [21.50 0.579 2.01 0 ^ 4
22.0890 . . . . . . . 0.820 [21.50 0.747 2.01 0 ^ 20
10.1209 . . . . . . . 0.841 [21.99 0.564 1.75 0 ^ 12
14.1496 . . . . . . . 0.899 [21.49 0.313 0.84 54 ^ 12
03.1077 . . . . . . . 0.938 [22.77 1.168 1.53 0 ^ 10
14.1028 . . . . . . . 0.988 [22.15 0.546 1.67 31 ^ 10
14.1028 . . . . . . . 0.988 [22.15 0.585 1.67 31 ^ 10
14.0854 . . . . . . . 0.992 [22.22 0.714 1.64 0 ^ 15
14.0854 . . . . . . . 0.992 [22.22 0.726 1.64 0 ^ 15
Discrepant Galaxies
13.11772 . . . . . . 0.512 [21.72 0.885 . . . 63
10.1243 . . . . . . . 0.585 [20.94 0.695 2.10 0 ^ 15
03.1395 . . . . . . . 0.708 [20.49 1.122 1.16 0 ^ 15
14.1277 . . . . . . . 0.810 [21.90 0.665 1.32 0 ^ 10
14.1356 . . . . . . . 0.831 [21.01 0.646 0.96 47 ^ 15
10.1189 . . . . . . . 0.949 [21.93 0.717 2.00 0 ^ 5
14.0807 . . . . . . . 0.985 [21.68 0.718 0.96 0 ^ 5
Photometric Redshifts
10.1248 . . . . . . . 0.61 [21.08 0.418 0.63 . . .
10.1313 . . . . . . . 0.66 [20.29 0.514 1.28 . . .
03.0321 . . . . . . . 0.76 [20.54 0.406 2.39 . . .
03.1426 . . . . . . . 0.82 [21.54 1.130 2.47 . . .
14.0516 . . . . . . . 0.94 [21.53 0.253 1.90 . . .
14.1178 . . . . . . . 0.94 [21.53 0.543 1.80 . . .
03.0384 . . . . . . . 0.95 [21.82 [0.090 1.57 . . .
NOTEÈAssumes km s~1 Mpc~1 and is in kpc ; WH0\ 50 q0\ 0.5. Reis equivalent width in angstroms. Discrepant galaxies are those where the
visual classiÐcation is inconsistent with the best-Ðt B/T value.
dispersion of 0.35 mag. The k-corrections were calculated
according to the procedure given in Lilly et al. (1995b). The
color straddles rest-frame B band of 0.2 \ z\ 0.9(V [I)ABand the use of observed I band with an interpolation of the
Coleman, Wu, & Weedman (1980) spectral energy distribu-
tions yields typically small corrections (I band corresponds
to rest-frame B at zD 0.9) to obtain rest-frame B magni-
tudes. The B-band surface brightness is derived from the
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FIG. 2.ÈDi†erences in structural parameters from multiple observations. Filled symbols represent symmetric (normal) galaxies, and open symbols
indicate asymmetric galaxies. The values of p (computed excluding asymmetric galaxies) are shown as inferred for a single measurement from the analysis of
these duplicate Ðts.
FIG. 3.ÈRelation between and log of the half-light radiusM
B
(AB)
for elliptical galaxies in three slices of redshift for Ðeld galaxies in(log R
e
)
the CFRS/LDSS survey. The dashed line in each panels corresponds to the
best Ðt to the local sequence, and the solid lines indicate the best-Ðt Ðxed-
slope relation for each slice. In all cases, the solid(*M
B
/* log R
e
\ [3.33)
lines are the best Ðts with all points included. Open symbols are
““ discrepant ÏÏ galaxies, deÐned as those objects where visual classiÐcation
gives a type earlier than S0 in apparent conÑict with the class E derived by
proÐle Ðtting. Spectroscopic failures (galaxies without spectroscopic
redshifts) are plotted as stars at their photometrically estimated redshifts,
and their trajectories as a function of redshift are indicated by light dashed
lines. Large open circles indicate galaxies that have measurable [O II]
emission lines. There is no clear indication that any of these subclasses
(““ discrepant,ÏÏ [O II] emission, spectroscopic failures) is responsible for the
shift in the mean locus.M
B
(AB)[ log R
e
HST F814W observations and the k-corrections and rest-
frame colors are from interpolation of ground-(U[V )ABbased colors.(V [I)AB
2.6. Emission-L ine Measurements
Measurements of the [O II] equivalent width were taken
from Table 1 of Hammer et al. (1997, CFRS-XIV) for the
CFRS objects, or from the AutoÐb survey (Ellis et al. 1996),
or otherwise were remeasured from the CFRS spectra them-
selves. The values in our Table 1 are in the observed frame.
2.7. Spectroscopic Failures
In the sample of 341 galaxies with HST imaging and
spectroscopy there are 18 objects classiÐed morphologically
as galaxies where no redshift could be determined from
their spectra. These objects were processed along with the
galaxies with redshifts. These objects are generally near the
magnitude limit of the survey. The morphology distribution
is skewed toward early-type galaxies : 7/18 (40%) are ellip-
ticals compared with 12% Es in the entire sample. This
e†ect is expected because the low frequency of emission
lines among early-type galaxies makes redshift determi-
nation difficult, particularly at high redshift. The color dis-
tribution (see Fig. 5) of the ellipticals without redshifts
suggests that most are at z[ 0.5. Lilly et al. (1995b) have
derived estimated redshifts for these galaxies using the IABmagnitudes, the and colors, and a(V [I)AB (I[K)ABmeasure of the compactness of the images and these esti-
mated redshifts are all at z[ 0.6. These estimated redshifts
will be used in some of the analysis that follows.
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3. RESULTS
The output from the Ðtting process consists of a classi-
Ðcation (fractional bulge luminosity B/T ), size (disk scale
length h or bulge half-light radius surface brightness,R
e
),
and luminosity of each of the bulge and disk components
individually. Although colors from HST observations are
available for a subset of the galaxies, ground-based V [I
colors (Lilly et al 1995a) are used here to ensure homo-
geneity.
Table 1 shows the parameters for the sample of CFRS/
LDSS galaxies that are classiÐed as ellipticals by the proÐle-
Ðtting procedure.
3.1. Surface Brightness
Figure 3 shows the luminosity-size rela-(M
B
[ log R
e
)
tion for those galaxies classiÐed as ellipticals by the Ðtting
and residual examination process. The sample is divided
into three slices of redshift and each panel shows the best-Ðt,
Ðxed-slope, linear Ðt as a solid line. The dashed line rep-
resents the local relation for cluster ellipticalsM
B
[ log R
e derived by Schade et al.[M
B
(AB)\ [3.33 log R
e
[ 18.65]
(1997). As described in that paper, the local cluster elliptical
relation was determined from ground-based data with
similar physical resolution and S/N to the HST data used
here and in that paper. The intention of using such data was
to minimize systematic errors between our local Ðducial
relation and those derived at high redshiftM
B
[ log R
ethat might occur if local data with much higher S/N and
resolution were used.
Galaxies more luminous than were usedM
B
(AB)\ [20
to determine the mean shifts of the locus withM
B
[ log R
e““ discrepant ÏÏ points included and excluded. ““ Discrepant ÏÏ
points are deÐned as those where the visual classiÐcation
given in Paper I was Sab or later, thus presenting an appar-
ent conÑict with the classiÐcations presented here based on
model Ðts. Duplicate observations for galaxies are treated
as independent points but results are also calculated exclud-
ing them. The shifts were estimated by minimizing the
FIG. 4.ÈColor-luminosity relations for elliptical galaxies in three red-
shift slices. Dashed lines denote the Coma relation derived from Bower et
al. (1992), and the solid lines are the best-Ðt relations (derived holding the
slope of the relation Ðxed at the Coma value) for the CFRS galaxies.
Symbols and loci are as deÐned for Fig. 3. As in Fig. 3, there is no evidence
that any of the subclasses is responsible for the evolving mean color locus.
Such an e†ect might be difficult to detect in our small sample.
residuals in magnitude (minimizing the size residuals was
also tried and the di†erence in the results was negligible)
while holding the slope of the linear relation Ðxed at the
value found by Schade et al. (1997). The estimated shifts in
luminosity are given in Table 2.
There is signiÐcant evolution in the relationM
B
[ log R
ealthough there is substantial scatter in the relation, particu-
larly in the interval 0.5 \ z\ 0.75. Figure 3 uses symbols
coded to indicate discrepant points (deÐned above) and gal-
axies with measurable [O II] 3727 emission lines.
Elliptical galaxies with strong [O II] emission (indicating
star formation) might be expected to be overluminous rela-
tive to passively evolving galaxies if a normal initial-mass
function is assumed. In the absence of that assumption, it is
possible that a small number of massive, UV-bright stars
could drive the [O II] emission and blue colors without
signiÐcantly enhancing the luminosity. The observations
show that they are roughly equally distributed on both
sides of the mean relation : no luminosityM
B
[ log R
eenhancement is seen. The substantial scatter might mask
the expected e†ect, but this issue needs further investigation
with a larger sample.
We have also examined what e†ect would be produced if
S0 galaxies are misclassiÐed as ellipticals. Such objects
would preferentially lie to the right of the mean
relation because their disks would cause theM
B
[ log R
ebulge half-light radius to be Ðt too large (this assumes that
their bulges conform to the passive-evolution model appro-
priate to the ellipticals). This is not seen in the data. The
conclusion is that none of these classes of objects ([O II]
strong, discrepant, possible misclassiÐed S0s) is an impor-
tant causal factor in the observed shifts in the M
B
[ log R
erelations.
We treat spectroscopic failures by adopting their photo-
metrically estimated redshift, plotting them on Figure 3 as
stars, and indicating the trajectories they would follow as a
function of redshifts (from z\ 0.2 to z\ 1.0).
The amount of evolution in the size-luminosity relation is
consistent with what is expected from passively evolving
models of old stellar populations (e.g., Bruzual & Charlot
1993) for reasonable values of the initial stellar mass func-
tion if the population is sufficiently old.
3.2. Colors
Figure 4 shows the color-luminosity relations for CFRS
Ðeld ellipticals (we exclude LDSS galaxies because they
were observed in a di†erent color system) in three redshift
slices. We compute rest-frame as outlined in ° 2.5.(U[V )ABThe dotted line (which coincides with the solid line in the
low-redshift panel) is the adopted local relation from Bower
et al. (1992) for Coma assuming a redshift of 0.0232 so that
TABLE 2
SHIFTS IN THE RELATIONM
B
[ log R
e
Sample z *M
B
All . . . . . . . . . . . . . . . . . . . 0.2\ z\ 0.5 0.0^ 0.2
0.5¹ z\ 0.75 [ 0.56^ 0.3
0.75¹ z¹ 1.0 [ 0.97^ 0.14
No Discrepant . . . . . . 0.2\ z\ 0.5 . . .
0.5¹ z\ 0.75 [ 0.85^ 0.3
0.75¹ z¹ 1.0 [ 1.0^ 0.20
No Duplicates . . . . . . 0.75¹ z¹ 1.0 [ 0.90^ 0.14
NOTEÈAssumes km s~1 Mpc~1 andH0\ 50 q0\ 0.5.
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FIG. 5.ÈObserved colors versus redshift for the CFRS galaxies with
HST imaging. Filled symbols are those galaxies classiÐed as ellipticals, and
open squares indicate galaxies classiÐed as S0s (deÐned here as those with
fractional bulge luminosities 0.4\ B/T \ 1.0) by the Ðtting process. Asym-
metric objects have been excluded. Spectroscopic failures are plotted as
Ðlled symbols at z\ 0 if they have been classiÐed as ellipticals and as open
symbols at z\ 1.4 if they are later types. The color-selection criterion
deÐned by KCW (plotted as a solid line) selects only a small subset of those
galaxies classiÐed as ellipticals or S0s by the proÐle-Ðtting process.
and (B[V )\ 0.96for ellipticals. Note(m[ M)
V
\ 35.73
that and that(U[V )AB\ (U[V ) ] 0.7 BAB\ B[ 0.17yields a Coma relation (U[V )AB\ [0.079MAB(B) ] 0.51.The colors of the ellipticals with 0.2\ z\ 0.5 in Figure 4
agree very well with the Coma relation.
In the following process we have assumed that the
observed colors of Ðeld ellipticals can be represented by a
linear relation with the same slope as the local cluster rela-
tion (given above) modiÐed only by a uniform shift in color.
In fact, a Spearman rank correlation test does not provide
signiÐcant evidence of the existence of a correlation between
color and magnitude for the data in Figure 4, but this is not
surprising given the errors and the shallowness of the slope
of the color-magnitude relation.
The shifts in the color-luminosity relation are computed
holding the slope Ðxed and minimizing the s2 residuals in
(U[V ). Note that the errors in color (derived from ground-
based measurements) and luminosity (from HST(V [I)ABmeasurements) are independent except to the extent that
was used to compute the k-corrections. The results(V [I)ABare given in Table 3 and the mean shifts are shown as solid
lines in Figure 4. Note that the shift (U[V ) for an actual
galaxy requires a correction if that galaxy evolves in lumi-
nosity as well as color. For luminosity evolution of *M
Band an observed color shift of *(U[V ), a correction of
TABLE 3
OBSERVED SHIFTS IN THE RELATIONM
B
[(U[V )
Sample z *(U[V ) Intrinsic p
All . . . . . . . . . . . . . . . . . . . 0.2\ z\ 0.5 [ 0.04^ 0.09 0.20 ^ 0.06
0.5¹ z\ 0.75 [ 0.29^ 0.09 0.29 ^ 0.11
0.75¹ z¹ 1.0 [ 0.68^ 0.11 0.29 ^ 0.16
No Discrepant . . . . . . 0.2\ z\ 0.5 0.03 ^ 0.05 0.12 ^ 0.04
0.5¹ z\ 0.75 [ 0.30^ 0.12 0.34 ^ 0.09
0.75¹ z¹ 1.0 [ 0.57^ 0.09 0.17 ^ 0.19
[d(U [ V )/dM]] *M is needed in the sense that a physical
galaxy undergoes a smaller blueward shift. Table 3 shifts are
not corrected for this e†ect.
Ellis et al. (1997) study the color-luminosity relation
for cluster E/S0 galaxies at zD 0.55. At this redshift, the
colors approximate rest-frame (U[V ). TheV555[I814observed mean color-luminosity relation for three clusters
is shifted blueward by ^[0.3 mag in which isV555[I814,consistent with the luminosity evolution-corrected shift
of *(U[V ) \ [0.26 ^ 0.08 at z(median)\ 0.59 for Ðeld
ellipticals measured here. At higher redshifts, Stanford et al.
(1998) estimate the shift in U [ infrared color to be in the
range from [0.4 to [0.6 mag at z\ 0.8[ 0.9 for a sample
of cluster early-type galaxies and we estimate a shift of
*(U[V ) in the range from [0.4 to [0.6 mag from Figure
1 of Kodama et al. (1999) for early-type galaxies in the
HDF. Our value of *(U[V ) \ [0.68 ^ 0.11 is consistent
with those values.
An examination of the coded symbols on Figure 4 does
not suggest that the shift in mean color is produced by any
of the subpopulations, e.g., galaxies with [O II] emission,
discrepant galaxies, or spectroscopic failures. Although
there is a hint that the ellipticals with measurable [O II]
emission are bluer than those without [O II], the distribu-
tions in color of the two populations cannot be distin-
guished by a Kolmogorov-Smirno† test.
A second quantity of interest, in addition to the shift in
color, is the dispersion in color (p) at each redshift. The
observed dispersion is a combination of the intrinsic disper-
sion in the color-magnitude relation and the measurement
errors. We remove the contribution from the measurement
errors using a procedure from the Statistical Consulting
Center for Astronomy at Pennsylvania State University (see
also Akritas & Bershady 1996). The observations are
denoted by and their observational errors by and theY
i
p
i““ debiased ÏÏ sample variance is given by N~1 ; (Y
i
[ Y )
[ N~1 ; An estimate of the variance of the debiasedp
i
2.
sample variance is N~1 ; where(m
i
[ m)2 m
i
\Y
i
2[ Y 2
[ 2Y (Y
i
[ Y ).
The observational errors in were propagated(V [I)ABthrough the interpolation procedure to obtain the errors in
Given these individual errors, we estimate that(U[V )AB.the intrinsic dispersion (and its 1 p error) in the color-
luminosity relation is 0.19 ^ 0.08, 0.29^ 0.11, and
0.31^ 0.16 mag in (U[V ) in the three redshift slices,
respectively. An examination of the HST imaging shows
that crowding is not a serious problem for the colors.
The dispersions in color that we Ðnd for Ðeld ellipticals
are larger than the dispersions measured by Bower et al.
(1992) (p \ 0.06) in the Virgo and Coma Clusters and by
Ellis et al. (1997) in three clusters at zD 0.55. The di†erence
is signiÐcant at roughly the 2 p level. Caution requires us to
note that a few errors in our classiÐcations might have a
large impact on the observed dispersion. In addition, our
photometric errors may be slightly underestimated if, for
example, the photometric zero points vary slightly from
Ðeld to Ðeld.
On balance, we conclude that we have evidence that Ðeld
ellipticals have a larger color dispersion at a given lumi-
nosity than those in clusters but that the evidence is sugges-
tive rather than conclusive. Kodama et al. (1999) examined
the color-magnitude relation for early-type galaxies with
spectroscopic or photometric redshifts in the HDF and con-
cluded that half of those galaxies are as old as rich cluster
ellipticals. The intrinsic scatter found for those galaxies with
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(U[V )[ 0.7 (which is e†ectively the more luminous part of
the sample and is comparable to our own sample) was
p(U[V )\ 0.12 ^ 0.06 compared with our somewhat
larger value of 0.31^ 0.16 at a similar redshift.
3.3. Selection of Early-type Galaxies :
Morphology versus Color
The central tenet of this paper is that we can reliably
isolate a subpopulation of galaxiesÈindependent of
redshiftÈwith luminosity proÐles that fall into a particular
class, namely those with proÐles that are well Ðt by a de
Vaucouleurs R1@4 (with no other component required). For
the purposes of this paper, we deÐne such galaxies as
ellipticalsÈprovided, in addition, that they are not strongly
asymmetric (asymmetry index R\ 0.10). These criteria
exclude obvious S0 galaxies because they possess disk com-
ponents. Nevertheless, there are borderline cases. The EÈS0
boundary is fuzzy.
Figure 5 shows the observed colors versus red-(V [I)ABshift for the CFRS sample, with those galaxies classiÐed
(from proÐle Ðtting) as ellipticals shown as Ðlled circles. The
galaxies with fractional bulge luminosity 0.4\ B/T \ 1.0
(loosely called S0s) are indicated by open squares. The
majority of the ellipticals are among the reddest galaxies in
the sample. What are the other galaxies that are very red?
About one-third of the red nonellipticals are classiÐed as S0
galaxies (deÐned here as galaxies with fractional bulge lumi-
nosity B/T º 0.5), most of the remainder are SaÈSb galaxies
(deÐned by 0.2¹ B/T \ 0.5), with a few presumably
reddened edge-on disks.
The color distribution of the elliptical sample demon-
strates that we are selectingÈby morphology aloneÈa
sample of objects with spectral energy distributions that are
very di†erent from the average properties of the galaxies in
the full sample. This is encouraging. However, the color
distribution of ellipticals has large scatter and some disk
galaxies are as red as many ellipticals. This is true indepen-
dent of redshift and thus any color cut to segregate a mor-
phological class appears difficult (perhaps impossible).
Another test of the credibility of our classiÐcations is a
comparison with more conventional methods of classi-
Ðcation. For this purpose we use the visual classiÐcations
given for this data set in Paper I. In that system, the early-
type galaxies have classes E \ 0, E/S0\ 1, S0\ 2. Figure 6
shows the observed versus redshift plot for these(V [I)ABgalaxies. Filled symbols are those with visual classiÐcations
of E/S0 or earlier (numerical visual class ¹1 from Paper I).
Galaxies with classiÐcations of S0 (visual class 2) are indi-
cated by open squares. The visual classiÐcation system and
the two-dimensional proÐle-Ðtting system yield similar
populations in terms of color versus redshift, but the disper-
sion in color for early-type galaxies is large using either
method of classiÐcation.
There is a fundamental di†erence in philosophy between
selection of a galaxy subpopulation by color and selection
by morphology. The physical structure of a massive galaxy
is more likely to be a stable quantity than is the color of a
galaxy. A starburst involving a moderate fraction (D10%)
of a galaxyÏs mass is capable of radically altering the color
of the galaxy (albeit temporarily). Such an event is unlikely
to have as strong an e†ect on the apparent structure of the
galaxy, although admittedly this depends on the spatial dis-
tribution and strength of star formation. Morphological
selection keys on the apparent structure of the galaxy
FIG. 6.ÈSame as in Fig. 5 except that the visual classiÐcations of
Brinchmann et al. (1998) are used instead of the classiÐcations from the
Ðtting procedure. Again the KCW selection line selects only a subset of the
galaxies classiÐed visually in Paper I as early-type galaxies.
whereas color selection keys on the current state of the
stellar population. This current state depends on the age
distribution of its stars and the contemporaneous rate of
star formation (as well as other quantities such as metal-
licity and the initial mass function). There is also a strong
dependence on dust content in the sense that galaxies with
young or intermediate-age stellar populations can be shifted
into the selection region by reddening.
KCW have applied a color selection technique to the
entire CFRS sample (the present sample is the subset of
CFRS galaxies with HST imaging). Details of their evolving
stellar population models are given in that paper. The line
plotted on Figures 5 and 6 is the selection line (intended to
represent the blue edge of the E/S0 population) applied by
KCW to the CFRS sample. This line is a very poor Ðt to our
morphologically selected sample but gives us the
opportunity to directly compare the morphological and
color selection procedures.
KCW test the hypothesis that giant ellipticals all formed
at high redshift in a brief burst of star formation and that
thereafter they evolve passively with no further substantial
episodes of star formation. Under this hypothesis, the colors
and luminosities of those galaxies can be predicted as a
function of redshift by modeling the stellar populations. As
a practical matter, S0 galaxies are lumped together with
ellipticals because their colors are similar in the Ðeld (Buta
et al. 1994) and nearly identical in nearby clusters (Bower et
al. 1992) and clusters at higher redshift (Ellis et al. 1997). If
the stellar models are accurate and the transformation into
the observational plane is reliable, then all early-forming
galaxies with no ongoing star formation can be detected
and counted. A comparison can then be made of the space
densities of those populations at high and low redshift. If all
red galaxies formed long ago (z? 1) and have since stopped
forming stars, then the space density will be conserved. If a
constant space density is not observed, then either red gal-
axies have been created by merging since z\ 1 or those
galaxies are bluer than the selection threshold because of
recent star formation.
Figures 5 and 6 show that neither the proÐle Ðtting
method nor the visual classiÐcation yields a sample that
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corresponds well with that selected by the color criteria of
KCW. If a comparison is made with the two-dimensional
proÐle-Ðtting classiÐcation system used in this paper, color
selection is both incomplete (success rate of \58% for
E/S0s) and su†ers from contamination (47% of the color-
selected sample are not E/S0s but are other red galaxies).
Furthermore, the rates of completeness and contamination
are a function of redshift. For example, the percentage of
ellipticals detected is 57% at 0.2\ z\ 0.5, 36% at
0.5\ z\ 0.75, and 21% at 0.75\ z\ 1.0. The rates of con-
tamination (the fraction of galaxies redder than the thresh-
old that are not E/S0 galaxies) are 56% at 0.2 \ z\ 0.5,
22% at 0.5\ z\ 0.75, and 57% at 0.75\ z\ 1.0. Evi-
dently, the selection threshold adopted by KCW does not
trace the evolution of the elliptical galaxy population as it is
deÐned here. Neither does it trace the evolution of the E/S0
population as deÐned by the visual classiÐcation system of
Paper I. The di†erence is attributable to the fact that many
of our ellipticals are bluer than the KCW threshold (some
have emission lines) and many disk-dominated systems are
redder than their threshold. Thus, the claim by KCW that
they have detected strong evolution in the early-type popu-
lation is not valid. This point will be addressed in ° 3.6
where the analysis will be repeated using the samplesV /Vmaxselected here.
Selection by morphology bypasses potential problems
with modeling the stellar populations, is a†ected very little
by moderate episodes of star formation, and is not prone to
include disk galaxies because of the presence of dust. If the
structure of these galaxies is stable, the question then is :
Can a set of morphological criteria be consistently applied
over a range of redshift where surface brightness dimming (a
(1] z)4 e†ect) is a strong e†ect? The most likely error
would be failure to detect disks around bright elliptical
components at high redshift because of suppression by
surface-brightness dimming. At low redshift, such a galaxy
would be classiÐed as S0. At high redshift, such an object
would be classiÐed as elliptical. In ° 3.6 we will construct
samples that address these question of possible errors in the
application of the morphological selection.
3.4. Modeling the L uminosity and Color Evolution
For the moment we will ignore the presence of emission
lines in these galaxies and compare the evolution in color
and luminosity to Isochrone Synthesis Spectral Evolution
models (Bruzual & Charlot 1993). The GISSEL95 and
GISSEL96 libraries give synthetic colors and luminosities
for simple stellar populations (and composite populations)
as a function of age with a range of metallicities. The avail-
able constraints are the present-day colors of elliptical gal-
axies (from Buta et al. 1994) together with the evolution in
color and luminosity. If we restrict our examination to
orthodox models where the entire stellar population of
elliptical galaxies is formed in an instantaneous burst, then
the available model parameters are the redshift of formation
(assumed to be the same for all galaxies), the metal abun-
dance, the stellar initial mass function, and the choice of
cosmology. The choice of a particular stellar atlas in
GISSEL96 has a negligible e†ect on the observables in the
present case.
Initially we adopted a Salpeter (1955) initial mass func-
tion, which has been shown (Charlot & Bruzual 1991 ;
Bruzual & Charlot 1993) to reproduce the colors of local
galaxies, and we assume solar metallicity unless otherwise
noted. We explore only cosmologies with km s~1H0\ 50Mpc~1 and j \ 0 and use and 0.5.q0\ 0.0If ellipticals were a constant surface brightness popu-
lation, the derived luminosity evolution would be indepen-
dent of This is not the case. However, the dependence onq0.is rather weak. At z\ 0.5 using yields onlyq0 q0\ 0.0[0.09 mag more evolution than and at z\ 1 theq0\ 0.5,e†ect is [0.18 mag. In the following comparisons, these
small corrections necessary for are applied to theq0\ 0theoretical curves rather than the data. The major e†ect of
varying is to change the age of the stellar populations forq0a given formation redshift.
A single-burst population formed at z\ 10 with q0\ 0.5is shown plotted on Figure 7. The model luminosity evolu-
tion from z\ 0 to z\ 1 is somewhat larger than observed,
whereas the model colors are redder than those observed at
z^ 0.5. Note that this plot shows both Ðeld and cluster
elliptical galaxies from previous work (reduced in a similar
manner). The model luminosity evolution can be reduced if
(since the population is older) but this makes theq0\ 0.0z\ 0 colors much redder and the color evolution is then far
too Ñat. This problem is not relieved by using either of the
other initial mass functions (Scalo 1986 or Miller & Scalo
1979) available in these models. Changing the metallicity
fails to produce the necessary steeper increase of color with
redshift. Since it is likely that the color systems of the
models are not identical to the observations, and because of
uncertainties in the models themselves (Charlot, Worthey,
& Bressan 1996), di†erences of 2È3 tenths of a magnitude in
absolute terms will not be considered a serious disagree-
ment. We choose to give more weight to the comparison of
di†erential e†ects with redshift.
The observed rapid change with redshift in the mean
color of the elliptical galaxy population can be reproduced
by lowering the redshift of formation. However, to obtain
even a reasonable agreement between observed and model
color evolution a very recent formation epoch (zD 1.5) is
required and this enhances the luminosity evolution, cre-
ating a serious discrepancy. Another way for the models to
reproduce the observed color evolution is to superimpose
bursts of star formation constituting some fraction of the
galaxy mass on top of the old, passively evolving popu-
lation. Bursts at 1 \ z\ 3 with mass fractions in the range
10%È25% are capable of producing the color behavior, but
they fail to avoid the problem of overproducing luminosity
evolutionÈthe same problem as with a more recent, single-
burst, formation epoch. A similar difficulty was noted in
Hammer et al. (1997) in Ðtting the 4000 angstrom break of
many of the ““ quiescent ÏÏ objects with an old, single-burst
population.
The fundamental problem is that a change in (U[V ) of
[ 0.68^ 0.11 mag should be accompanied by a much
larger brightening (roughly 2 mag in the B band) in a passi-
vely evolving system. One particular solution to the model-
ing problem is to superimpose a small burst of star
formation at z\ 1. A model that Ðts well is the onset at
z\ 1 of exponentially declining star formation with an e-
folding time of 1 Gyr (a q model) and a mass of 2.5% of the
Ðnal stellar mass of the galaxy. Such an e†ect might be
produced by accretion of low-mass companions (see Silva &
Bothun 1998a) but precludes a major star formation
episode accompanying a large disk-disk merger. Such a
model Ðts very well if we adopt and a high redshiftq0\ 0of formation of the dominant old population. We(z
f
\ 10)
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FIG. 7.ÈDerived shifts in luminosity (upper panels) ; Ðlled circles are Ðeld ellipticals from the present work ; Ðlled pentagons are Ðeld ellipticals from
Schade et al. (1996) ; open circles are cluster ellipticals from Schade et al. 1997 and Schade et al. (1996). Lower panels show shifts in color measured in the
present work. Colors have been corrected to represent the evolution in color of a physical galaxy (which evolves in color and luminosity) rather than the
evolution of the mean color relation. Solid lines represent a model consisting of a single-burst population formed at z\ 10, and the dotted lines are models
where there is an added episode of exponentially declining star formation constituting 2.5% of the Ðnal stellar mass of the galaxy beginning at z\ 1.
Single-burst models have solar abundances, and the two-component models use an abundance of 40% solar for the old population and a solar abundance for
the younger population. These abundance di†erences are the main cause of the di†erence in one-component and two-component model colors at z\ 0.
show such a model in Figure 7. (Here we have adopted an
abundance of 40% solar for the old population and a solar
abundance for the star formation starting at z\ 1. The
di†erence in color at z\ 0 between the simple models and
the two-component models is due mostly to the lower abun-
dance chosen for the old population in these two-
component models.) This model is, of course, completely ad
hoc. An attempt to provide serious constraints on the mod-
eling process would require accurate mean colors and lumi-
nosities for elliptical galaxies over a wide range of redshift.
Nevertheless, it is evidently possible to match the obser-
vations presented here with simple models if the dominant
stellar population is old (thus the preference for low inq0)order to match the slope of the luminosity versus age rela-
tion, but then some more recent (z^ 1) star formation is
required to match the strong color evolution. Our estimates
of color evolution at z^ 1 are broadly consistent with both
the cluster work of Stanford et al. (1998) and the results for
Ðeld galaxies by Kodama et al. (1999). However, precise
comparisons with the present work are not possible and we
emphasize the uncertainties associated with constraining
models with the presently very limited set of observations.
3.5. [O II] Emission and Star Formation
Section 3.4 ignored the presence of [O II] emission lines,
which indicate that these galaxies are not composed exclu-
sively of populations formed at z[ 1. The fraction of gal-
axies exhibiting strong (equivalent width [15 [O II] isA )
roughly 30% independent of redshift. This compares to
\3% of a sample of 104 nearby elliptical galaxies (Caldwell
1984). Clearly there has been strong evolution in the
emission-line properties of elliptical galaxies since z\ 1.
We have estimated the star formation rates (SFRs) for
these galaxies using the prescriptions of Kennicutt (1992)
using [O II] Ñuxes or equivalent widths. As emphasized in
that paper, there are substantial uncertainties in such esti-
mates. The SFRs derived from continuum luminosity
coupled with [O II] equivalent width compare very well
with those SFRs derived directly from the [O II] Ñuxes. We
have adopted the former method and normalized the SFRs
in each redshift bin by the total elliptical galaxy mass in that
redshift bin (regardless of [O II] strength). The masses are
estimated from the best-Ðt stellar populations model in the
previous section old population plus star forma-(q0\ 0.0,tion onset at z\ 1), which gives B-band luminosity of 8.3
mag per solar mass at z\ 0. The observed luminosities
were corrected to their ““ de-evolved ÏÏ luminosities at z\ 0
to yield masses. Galaxies with photometrically estimated
redshifts were included with [O II] equivalent widths of zero
so that they contributed to the mass but not to the SFR.
Figure 8 shows the SFR per unit stellar mass in elliptical
galaxies as a function of redshift. It is assumed that the SFR
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FIG. 8.ÈRate of star formation per unit stellar mass in elliptical gal-
axies as a function of redshift. At z\ 0, the SFR is taken to be zero
(Kennicutt 1998). The SFR is estimated from the equivalent width of [O II]
emission lines, and the mass is estimated from model M/L ratios at z\ 0
and galaxy luminosities corrected (to z\ 0 values) for luminosity evolu-
tion. Galaxies without [O II] emission have been included in the mass
estimates.
is zero for local ellipticals (Kennicutt 1998). If the star for-
mation were constant from z\ 1 to the present and
remained at the observed high-redshift rate, then D5% of
the stellar mass in present-day elliptical galaxies would have
formed since z\ 1. If, instead, the SFR is modeled as expo-
nentially declining, a smaller estimated mass fraction
results.
3.6. Merging : T he Density Evolution of the
Early-type Population
The present study shows that some level of star formation
is maintained in the elliptical population at z\ 1. There-
fore, the ““ orthodox ÏÏ model for the formation and evolution
of elliptical galaxies is rejected. The remaining (very large)
question is the role of late-epoch merging in producing
massive ellipticals. The role of merging can be addressed
directly by examining the space distribution of a complete
sample of these objects. The statistic (Schmidt 1968 ;V /VmaxLilly et al. 1995b ; KCW) is one way to address this ques-
tion. In the case of no evolution, is uniformly distrib-V /Vmaxuted between 0 and 1 with a mean of 0.5. The expected 1 p
error in the mean of a sample of n objects is (12n)~1@2. We
have analyzed the sample of CFRS ellipticals (excluding
LDSS ellipticals in order to produce a homogeneous
sample) using this technique and we compare our results
with those obtained by KCW using the same technique on
their color-selected subset of the whole CFRS sample.
Table 4 presents results for the CFRS elliptical sample as
well as the early-type sample derived by Brinchmann et al.
(1998) in Paper I using visual classiÐcation techniques. We
compute the mean value of and the probabilityV /Vmax (Pks)that the distribution of is drawn from a uniformV /Vmaxparent population (calculated using a Kolmogorov-
Smirnov test). This directly represents the probability that a
constant space-density model is acceptable for a speciÐc
subsample, cosmology, and assumption about luminosity
evolution as indicated in Table 4. We also estimate the
exponent c and its 1 p conÐdence interval for an evolution
law of the functional form FP (1] z)~c. The value of c and
its error are estimated by varying c until V /V
max
\ 0.5
^ (12n)~1@2. Luminosity evolution is incorporated into the
analysis assuming that i.e., one magnitude of*M
B
\ [z,
evolution to z\ 1. Each galaxy is corrected from its
observed luminosity to a redshift-zero Ðducial luminosity
Then its apparent magnitude asM
B
(0)\ M
B
(observed)] z.
a function of redshift is computed from M
B
(z)\ M
B
(0)[ z
using distance modulus and k-corrections.
We have constructed and analyzed the following sub-
samples. Sample 1 is composed of all elliptical galaxies (as
judged from proÐle Ðtting) with spectroscopic redshifts.
Sample 2 adds spectroscopic failures adopting their photo-
metric redshifts. In sample 3, we assign all of the spectro-
scopic failures a redshift of z\ 0.2. All these samples give
results consistent with no evolution at the 95% signiÐcance
level regardless of cosmology or luminosity evolution.
We address the issue of possible errors in the classi-
Ðcations between E and S0 galaxies (described in the pre-
vious section) in two ways. First, from the residuals of the Ðt
we can make some estimate of which ellipticals are most
likely to be misclassiÐed. We adopt what we consider to be
an extreme level of contamination (25%) and exclude all of
these ““ possible S0s ÏÏ from Sample 1. This gives us Sample 4
and the procedure has little a†ect on the results.SV /VmaxTThe second way that we address the classiÐcation error
problem is to add all S0 galaxies (as judged from proÐle
Ðtting) to Sample 1 to yield Sample 5. All of these results are
consistent with no-evolution models of the population.
Note that, if we were to add spectroscopic failures at their
photometric redshifts, we would make larger,SV /VmaxTwhereas needs to be smaller than 0.5 in order toSV /VmaxTproduce the KCW result.
An alternative to using the classiÐcations given by the
model-Ðtting approach is to adopt the visual classiÐcations
from Paper I. Samples 6 and 7 are constructed using these
classiÐcations with and without photometric redshifts,
respectively. Sample 6 results in rejection of the no-
evolution hypothesis at the 95% signiÐcance level for q0\0.01. Sample 7 is preferred over sample 6 because it includes
spectroscopic failures at their photometrically estimated
redshifts. Sample 7 yields a result consistent with no-
evolution models.
The results in Table 4 provide no evidence of evolution in
the space density of early-type galaxies regardless of
whether that population is deÐned as elliptical galaxies (by
the proÐle-Ðtting method) or as E/S0 galaxies using the
visual classiÐcations. The most reliable samples in Table 4
are those where photometric redshifts have been adopted
where spectroscopic redshifts were not available. These
samples are the most reliable because they correct for the
expected incompleteness in spectroscopic redshifts for early-
type galaxies at high redshift. Considering those ““ best ÏÏ
samples indicates that no-evolution models are consistent
with these data sets independent of cosmology and indepen-
dent of luminosity evolution.
This conclusion about the evolution of ellipticals from
the statistic contradicts that reached by KCW. TheV /Vmaxcolor selection method employed in that paper fails to
produce a complete, uncontaminated sample of early-type
galaxies. Totani & Yoshii (1998) employ their own models
to select early-type galaxies on the basis of color. They
apply a sample cut-o† at z\ 0.8 based on the assumption
that the CFRS is not complete at higher redshifts. With this
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TABLE 4
RESULTS OF THE TESTV /Vmax
Sample q0 LE SV /VmaxT Pks c
Sample 1 . . . . . . . . . . . . 0.5 NO 0.57^ 0.05 0.30 [2.4 [[4.0,[0.8]
Sample 1 . . . . . . . . . . . . 0.01 NO 0.54^ 0.05 0.50 [1.5 [[2.9,0.1]
Sample 1 . . . . . . . . . . . . 0.5 YES 0.55^ 0.05 0.42 [1.5 [[3.1,[0.1]
Sample 1 . . . . . . . . . . . . 0.01 YES 0.52^ 0.05 0.86 [0.7 [[2.3,0.8]
Sample 2 . . . . . . . . . . . . 0.5 NO 0.61^ 0.05 0.07 [3.9 [[5.7,[2.3]
Sample 2 . . . . . . . . . . . . 0.01 NO 0.58^ 0.05 0.20 [3.1 [[5.0,[1.5]
Sample 2 . . . . . . . . . . . . 0.5 YES 0.59^ 0.05 0.12 [2.9 [[4.5,[1.4]
Sample 2 . . . . . . . . . . . . 0.01 YES 0.56^ 0.05 0.57 [2.1 [[3.8,[0.6]
Sample 3 . . . . . . . . . . . . 0.5 NO 0.47^ 0.05 0.18 0.7 [[0.9,2.3]
Sample 3 . . . . . . . . . . . . 0.01 NO 0.45^ 0.05 0.18 1.7 [0.0,3.3]
Sample 3 . . . . . . . . . . . . 0.5 YES 0.46^ 0.05 0.18 1.3 [[0.1,2.8]
Sample 3 . . . . . . . . . . . . 0.01 YES 0.43^ 0.05 0.18 2.2 [0.7,3.8]
Sample 4 . . . . . . . . . . . . 0.5 NO 0.59^ 0.06 0.09 [3.0 [[5.0,[1.2]
Sample 4 . . . . . . . . . . . . 0.01 NO 0.56^ 0.06 0.13 [2.2 [[4.3,[0.4]
Sample 4 . . . . . . . . . . . . 0.5 YES 0.58^ 0.06 0.19 [2.1 [[3.9,[0.4]
Sample 4 . . . . . . . . . . . . 0.01 YES 0.54^ 0.06 0.36 [1.3 [[3.2,0.5]
Sample 5 . . . . . . . . . . . . 0.5 NO 0.49^ 0.04 0.75 0.1 [[1.2,1.2]
Sample 5 . . . . . . . . . . . . 0.01 NO 0.47^ 0.04 0.36 0.9 [[0.4,2.1]
Sample 5 . . . . . . . . . . . . 0.5 YES 0.47^ 0.04 0.50 1.7 [[0.5,2.9]
Sample 5 . . . . . . . . . . . . 0.01 YES 0.44^ 0.04 0.19 1.7 [0.5,2.8]
Sample 6 (Vis) . . . . . . 0.5 NO 0.45^ 0.04 0.16 1.2 [0.10,2.4]
Sample 6 (Vis) . . . . . . 0.01 NO 0.43^ 0.04 0.05 2.0 [0.8,3.2]
Sample 6 (Vis) . . . . . . 0.5 YES 0.43^ 0.04 0.16 2.0 [0.9,3.0]
Sample 6 (Vis) . . . . . . 0.01 YES 0.40^ 0.04 0.03 2.8 [1.7,4.4]
Sample 7 (Vis) . . . . . . 0.5 NO 0.48^ 0.04 0.60 0.2 [[1.0,1.5]
Sample 7 (Vis) . . . . . . 0.01 NO 0.46^ 0.04 0.21 1.1 [[0.2,2.3]
Sample 7 (Vis) . . . . . . 0.5 YES 0.46^ 0.04 0.52 1.0 [0.0,2.2]
Sample 7 (Vis) . . . . . . 0.01 YES 0.44^ 0.04 0.24 1.9 [0.7,3.1]
NOTEÈSample 1 is composed of all elliptical galaxies (as judged from proÐle Ðtting)
with spectroscopic redshifts. Sample 2 adds photometric redshifts to Sample 1. Sample 3
is Sample 1 plus spectroscopic failures, but each failure is assigned a redshift of z\ 0.2.
Sample 4 is composed of Sample 1 objects excluding ““ possible ÏÏ S0 galaxies. Sample 5
adds all S0 galaxies (as judged from proÐle Ðtting) to Sample 1. Sample 6 is based solely
on visual classiÐcations from Brinchmann et al. 1998, and Sample 7 adds photometric
redshifts. is the probability, calculated using a Kolmogorov-Smirnov test, that aPksmodel without number density evolution is acceptable. The best-Ðt exponent c (and its 1
p conÐdence interval) is given for an evolutionary law of the form FP (1] z)~c.
cut-o†, they Ðnd which is consis-SV /VmaxT \ 0.478^ 0.035,tent with no evolution.
It is important to appreciate that the size of the error bars
allow a factor of 2È3 change in the space density at the 1 p
level. Therefore, although the present work provides no evi-
dence for signiÐcant evolution in the space density of early-
type galaxies it does not rule out such evolution. A larger
sample would be required to decide the question using a
test.SV /VmaxTFinally, we can compare the observed space density of
elliptical galaxies in the CFRS sample to the predictions
based on the local luminosity function. For this purpose we
use the E/S0 LF of Marzke et al. (1998) (a conversion is
required from their km s~1 Mpc~1 to our valueH0\ 100of km s~1 Mpc~1). The LF is integrated over allH0\ 50galaxies brighter than to yield a spaceM
B
(AB)\ [20.2
density of 3.47] 10~3 Mpc~1. The e†ective area of the
HST subsample of the CFRS is taken to be 0.0096 deg2.
The expected numbers are computed for the three redshift
shells 0.2\ z\ 0.5, 0.5\ z\ 0.75, and 0.75\ z\ 1.0. In
the present case, a negligible error is introduced by
assuming that each galaxy can be detected throughout its
redshift shell and simply multiplying the integral of the
luminosity function above by the total volume within the
shell, given the area of coverage. We assume that the lumi-
nosity evolution of the elliptical population is
M(z) \ M(z\ 0)[ z, which approximates the results of the
present study. Thus we count galaxies in 0.2\ z\ 0.5
brighter than those in 0.5 \ z\ 0.75M
B
(AB)\ [20.2,
brighter than [20.7, and galaxies in 0.75\ z\ 1.0 brighter
than M
B
(AB)\[21.2.
The comparisons between observed and predicted
numbers are given in Table 5. Because we are comparing
classiÐcations derived from visual inspection with those
derived from proÐle-Ðtting (and at very di†erent redshifts),
there is the potential for systematic di†erences in the popu-
lations being counted. On the other hand, we have shown
that the visual classiÐcations done on this sample agree
broadly with the proÐle-Ðtting classiÐcations. A puzzling
feature of the result shown in Table 5 is that we count
roughly the same number of elliptical galaxies as are pre-
dicted for by the LF for elliptical and S0 galaxiesq0\ 0.01combined. Data from Buta et al. (1994) suggests that S0
galaxies will constitute roughly two-thirds of the E/S0
sample whereas the LFs from Marzke et al. 1994 suggest
that only one-quarter of an E/S0 sample will consist of
ellipticals.
Table 5 provides no evidence for a deÐcit of elliptical
galaxies at high redshift. On the contrary, the problem is
that there are more than expected if ellipticals constitute
No. 1, 1999 CFRS AND LDSS REDSHIFT SURVEYS. III 45
TABLE 5
COMPARISON OF PREDICTED AND OBSERVED SPACE DENSITY OF ELLIPTICALS
Redshift Predicted q0\ 0.5 Predicted q0\ 0.01 Observed
0.20\ z\ 0.50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2 4.5 5
0.50¹ z\ 0.75 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.9 8.4 11 (14)
0.75¹ z¹ 1.00 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.2 12.8 11 (16)
NOTEÈThe E/S0 LF of Marzke et al. (1998) was used to compute the space densities shown here. The
numbers in parentheses include photometric redshifts.
only a fraction (one-third to one-fourth) of the galaxies in
the E/S0 luminosity functions used in the calculations. The
problem is substantially worse in the case where q0\ 0.5.However, if isolated ellipticals gradually accrete halo gas to
build a disk (as suggested in some formation scenarios),
then these high-redshift ellipticals might evolve into
present-day S0 galaxies. An alternative is that we have
failed to detect the faint disks around some early-type gal-
axies at high redshift that would have resulted in a classi-
Ðcation of S0 rather than E. Either of these interpretations
would result in perfect agreement with the numbers in
Table 5 if q0D 0.
4. CONCLUSIONS
The analysis of the CFRS/LDSS sample of Ðeld elliptical
galaxies reveals evolution in the relation soM
B
[ log R
ethat a galaxy of a given size is more luminous by
[0.97^ 0.14 mag at z\ 0.9 than its local counterpart as
estimated from the cluster elliptical locus. This apparent
evolution in luminosity is accompanied by a bluing of these
galaxies with look-back time. At z\ 0.9, the mean shift in
color is [0.68^ 0.11 mag in rest-frame (U[V ). The lumi-
nosity evolution is consistent with simple models of passive
evolution of an old, single-burst stellar population, but a
small quantity (by mass) of more recent star formation is
required to make the models match the observed color evol-
ution. Approximately one-third of the elliptical galaxies at
0.2\ z\ 1.0 display [O II] emission lines, indicating star
formation at rates that we estimate at D0.5 yr~1 perM
_1011 of stellar mass in elliptical galaxies so that perhapsM
_a few percent of the stellar populations of these galaxies
have formed since z\ 1.
The estimates of luminosity and color evolution found
here are consistent with that found in clusters (Schade et al.
1997 ; Stanford et al. 1998). On the other hand, we have
found evidence that the dispersion in the color-luminosity
relation may be larger among Ðeld ellipticals at z[ 0.5 than
the dispersion observed for early-type galaxies in Coma by
Bower et al. (1992) or those in clusters at z\ 0.55 by Ellis et
al. (1997).
The presence of [O II] emission indicates that star forma-
tion is occurring in D30% of the elliptical galaxies in this
sample. Thus the ““ orthodox ÏÏ view of elliptical galaxy for-
mation (a single burst followed by no further star
formation) is false. A larger dispersion in color among Ðeld
ellipticals than among those in clusters (which is suggested
by these data) would also argue in favor of a more diverse
star formation history in Ðeld ellipticals than in cluster
early-type galaxies in the sense that more recent activity
occurred in Ðeld galaxies, possibly because continued gas
infall that could fuel ongoing star formation is suppressed in
the cluster environment.
We have repeated the test for early-type CFRSSV /VmaxTgalaxies done by KCW using a subset of the CFRS sample
with HST imaging. Our sample was selected on the basis of
proÐle-Ðtting rather than color (the technique they used).
We Ðnd no evidence for evolution in the space density of
large ellipticals over the range 0.2\ z\ 1.0 within the
CFRS survey. We cannot rule out fairly large changes
(factors D2È3) in density because of the small numbers in
our survey. Nevertheless, our result contradicts the claim
for detection of strong evolution by KCW because the color
selection applied in that work did not detect all of the E/S0
galaxies that were present and also su†ered from contami-
nation by red disk-dominated galaxies.
A more powerful test for a change in space density
(although more prone to systematic error because of di†er-
ences in the classiÐcation method) is a comparison of our
observed number of Ðeld elliptical galaxies at high redshift
with the predictions based on the E/S0 luminosity function
of Marzke et al. (1998). This test indicates no deÐcit of
early-type galaxies at z¹ 1. In fact, there is a surplus of
ellipticals at high redshift unless the ratio of E to S0 galaxies
increases at high redshift. Such an e†ect might be spurious.
It is plausible that faint disks might be missed at high red-
shift, resulting in misclassiÐcation of S0 galaxies as ellip-
ticals. Alternatively, it might be a real evolutionary e†ect
where ellipticals are transformed into S0s via the develop-
ment of disk components. Formally, we can say that, at the
95% conÐdence level, the number of ellipticals that we
detect at 0.75\ z\ 1.0 is between 0.71 and 2.03 times the
number of E/S0 galaxies predicted by the Marzke et al.
(1998) LF, assuming and including spectroscopicq0\ 0.01failures.
In summary, the results presented here are consistent
with an early formation epoch for these elliptical galaxies
but with some degree of ongoing star formation at z\ 1.
We reject the orthodox model of elliptical galaxy evolution.
We Ðnd no evidence that the space density of large ellip-
ticals has changed since z\ 1. The result of Im et al. (1996)
agrees very well with our result and carries substantially
more statistical weight. These results directly challenge the
view that signiÐcant numbers of elliptical galaxies have
been formed by mergers since z\ 1.
A Ðnal note on the question of merging is necessary. Le
et al. (1999) Ðnd evidenceÈfrom the same sample ofFe`vre
galaxies studied hereÈthat the rate of bright galaxy
mergers increases steeply with redshift. That work suggests
that a typical (L* at z\ D 1) galaxy will undergo 1È2 major
merging events since z\ 1. On the other hand, the present
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study Ðnds no evidence for a signiÐcant change in the space
density of massive elliptical galaxies since z\ 1. Further-
more, Lilly et al. (Paper II) Ðnd no signiÐcant change in the
space density of large disk galaxies over this redshift range.
These observations can be reconciled if the enhanced level
of interaction and merging that is seen is, in fact, taking
place among galaxies that are somewhat less massive than
present-day L* galaxies and if such interactions do not fre-
quently produce large elliptical galaxies.
We acknowledge the support of NATO in the form of a
travel grant. The research of S. J. L. was supported by
NSERC.
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